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Figure 1. Histology of reconstructed follicle tissue after 3 weeks in 
culture. Irregularly curved pieces of fibrous material can be seen to have 
formed within the central cavity of the follicle structures (A). At higher 
magnification the induced fibrous tissue, although misshapen, can be seen to 
have a structural composition that is comparable to normal hair fiber (B). 
After 2-3 weeks in culture, our results revealed that the dermal 
sheath and epidermal outer root sheath cell populations had formed 
impressive, highly ordered arrangements on either side of the glassy 
membrane. Moreover, a considerable amount of irregularly distrib­
uted fibrous material had been produced, with apparently the same 
structure and composition as that of normal hair (Fig 1). Papilla­
like structures also developed within our follicle reconstructions, 
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and what seemed to be residual papillary tissue was frequently 
observed in cavities located to the centre of induced portions of 
"fiber. " 
Future assessment of the short-term status of the recombinations 
using cell-labeling techniques should help to reveal the extent to 
which each individual cell population contributes toward the new 
follicle structure. More specifically, the use of labeled cells could 
confirm whether the induced fibres were of germinative and/or 
outer root sheath epidermal origin. 
INDUCTIONS IN VIVO INVOLVING HUMAN 
FOLLICLE TISSUE 
Further studies aimed to investigate whether (as has been widely 
speculated) the capacity to induce follicles and fibers de 1l0VO is 
restricted to dermal papillae from highly specialized vibrissa­
type sensory follicles. In this context, we had already shown 
that human papillae can at least stimulate fiber production when 
they are implanted into the upper portions of amputated (and 
therefore fiber-growth inactivated) athymic mouse vibrissa fol­
licles. However, our most recently initiated study aims to 
provide a clearer, more comprehensive assessment of human 
papilla inductive capabilities by investigating their behavior ill 
vivo following their implantation into human skin. In other 
words, this approach eliminates any complicating influences that 
could be attributed to other species or indeed to other follicle 
types. 
The preliminary findings from this current work, involving 
human tissue recombination, are promising. We have noted that (as 
established during comparable experiments with rodent material) 
human hair follicle dermal papillae display complex levels of 
interaction with the surrounding tissue at the site of their implan­
tation. Furthermore, and clearly integral to the papilla-induced 
interactions, large, non-local hair fibers are seen to emanate from 
within the wound sites. 
In conclusion, the results from the manipulations that we have 
described above support two important statements, namely, that 1) 
cultured cells from adult hair follicles retain enough embryonic- or 
stem cell-rype interactive potential to reform follicle-like tissue 
arrangements, which, in turn, are capable of generating appendage­
specific differentiation products, even ill vitro; and 2) as previously 
put forward, dermal papillae from human hair follicles exhibit 
similar inductive capabilities ill vivo to those isolated from rodent 
mystacial regions, suggesting that at least some fundamental control 
mechanisms may be common to all follicle rypes and, perhaps, to all 
species. 
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P roteoglycans are receiving ever closer attention in attempts to understand the molecular basis of cell­surface interactions with extracellular matrix, Such interactions are probably of importance in most tissue development and maintenance functions, including 
those of the mammalian hair follicle, Proteoglycans, which by 
definition consist of a core protein to which one or more 
glycosaminoglycan chains are covalently linked, are virtually 
ubiquitous in extracellular matrices and cell surfaces, Other 
populations are found in intracellular granules, It is now clear 
that many core proteins, representing distinct gene products, can 
be substituted with glycosaminoglycan chains, To some extent, 
they can be grouped into families, based on core protein 
sequence homologies, The large aggregating proteoglycans bind 
hyaluronan, and may have roles in matrix formation, cell 
adhesion, and migration, Another group with leucine-rich re­
peats and small core proteins may influence collagen fibrillogen­
esis and potentially interact with some growth factors such as 
transforming growth factor-{3, whose function may in turn be 
down-regulated, Indeed, growth-factor binding to proteogly­
cans with concomitant effects on their activity is a major current 
focus of research [ 1], Basement membranes contain a heparan 
sulfate proteoglycan, perlecan, whose glycosaminoglycan chains 
may bind members of the fibroblast growth factor (FGF) family, 
The syndecans, a group of four related transmembrane heparan 
sulfate proteoglycans may also have this ability. Evidence sug­
gests that FGF-2 affinity for its high-affinity receptors is en­
hanced after binding to syndecan 1 heparan sulfate chains. 
Proteoglycans are now implicated in the regulation of cell 
adhesion, growth, migration, and differentiation as well as in 
some cases being essential matrix components, contributing to 
the physicochemical properties of the extracellular milieu. How­
ever, although this may extend to the biology of hair growth, 
cycling, and disease, rather little is known at the current time, 
either about their diversity or precise functional properties. Only 
one epithelial cell-surface proteoglycan, syndecan 1, has so far 
been described in rodent hair-follicle development [2]. It has an 
interesting pattern of expression in epithelial and stromal cells 
during this process, but its expression during cycling or disease 
is unknown. 
Some years ago we showed that the stromal compartment of 
hair follicles was distinct from the dermis, having a composition 
including basement membrane macromolecules. These included 
type IV collagen and laminin 1 as well as at least two proteo­
glycans, perlecan and BM-CSPG. In the anagen dermal papilla, 
there may be two or possibly three cellular origins of this unusual 
matrix. A linear basement membrane separating the epithelial 
and stromal compartments is detectable both ultrastructurally 
and immunohistochemically, presumably of epithelial origin. 
Second, blood vessels within the papilla secrete basement mem­
brane matrix, and third, the stromal cells also appear to synthe­
size basement membrane components, a property that persists in 
early passage cells in culture [3]. With perlecan's presence, 
probably as a heparan sulfate proteoglycan, it is not surprising 
that a basement membrane population of FGF-2 can also be 
demonstrated by immunohistochemistry. In addition to putative 
roles in basement membrane assembly, and cell-matrix interac­
tions therefore, growth-factor sequestration may be important 
for the hair follicle. Administration of exogenous FGF-2 has 
prolonged and marked effects on mouse hair follicle develop­
ment and cycling [4]. 
Perlecan is present throughout hair-follicle development and 
cycling in the rodent, in contrast to BM-CSPG, which appears 
Reprint requests to: Dr. J.R. Couchman, Department of Cell Biology. 
University of Alabama at Birmingham. VH 201 C, University Boulevard. 
Birmingham, AL 35294-0019. 
PROTEOGLYCANS OF HAIR FOLLICLES 41S 
late in development as the early morphogenetic stages are 
complete. Papilla matrix is removed through catagen, to leave a 
pericellular remnant at telogen, when BM-CSPG is apparently 
absent, unlike other basement membrane components. At the 
onset of anagen, BM-CSPG reappears once more [3]. The 
differences in distribution of BM-CSPG and perlecan hint at 
distinct roles, supported by their contrasting protein core struc­
ture* and glycosylation. It has been suggested that chondroitin 
proteoglycans may provide immune privilege to hair follicles. 
Westgate et al [5] have shown that lower follicle epithelia and 
dermal papilla lack class 1 major histocompatibility complex, and 
suggested that chondroitin proteoglycans provide a protective 
barrier. A study of alopecia areata may, therefore, shed further 
light on this hypothesis. 
BM-CSPG is not the only chondroitin/ dermatan proteoglycan of 
hair follicles. Data are very incomplete on members of the leucine­
rich family of proteoglycans, but with the presence of some type III 
collagen and, in humans at least, of type I collagen fibers, the 
presence of decorin might be expected [3]. There is, however, in 
parallel with reported hyaluronan in follicle papillae, a population 
of versican, a large aggregating chondroitin sulfate proteoglycan. t 
Its distribution is unique among matrix components, apparently not 
synthesized in detectable amounts until differentiation events are 
underway in the follicle, i.e., fiber formation. It is not present in the 
presumptive papilla matrix of the developing follicle, and is also 
absent at early anagen stages. A corollary of this is that it disappears 
in catagen, in a marked apex-base pattern. In telogen versican is 
absent. We hypothesize that versican is important, in parallel with 
its hyaluronan-binding ability, in dermal papilla matrix formation. 
Because hair diameter is related to papilla volume, versican depo­
sition may correlate with follicle growth and differentiation. 
The fIeld of proteoglycan research continues to expand rap­
idly, and these molecules are now thought to be involved in a 
large number of biologic processes. Their interactions with other 
matrix molecules, cell-surface receptors, pathogens, clotting 
factors, and growth factors together with increasing evidence for 
abnormal distributions and structures in several diseases proba­
bly presage more intensive research activity in the future. The 
field of hair growth, cycling, and diseases should not be an 
exception. 
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